To understand the mechanism of the sequential restriction of multipotency of stem cells during development, we have established culture conditions that allow the differentiation of neuroepithelial precursor cells from embryonic stem (ES) cells. A highly enriched population of neuroepithelial precursor cells derived from ES cells proliferates in the presence of basic fibroblast growth factor (bFGF). These cells differentiate into both neurons and glia following withdrawal of bFGE By further differentiating the cells in serumcontaining medium, the neurons express a wide variety of neuron-specific genes and generate both excitatory and inhibitory synaptic connections. The expression pattern of position-specific neural markers suggests the presence of a variety of central nervous system (CNS) neuronal cell types. These findings indicate that neuronal precursor cells can be isolated from ES cells and that these cells can efficiently differentiate into functional post-mitotic neurons of diverse CNS structures.
Introduction
Early in the central nervous system (CNS) development, most of the cells which make up the neuroectoderm take the shape of columnar epithelium (neuroepithelium) and proliferate rapidly. Later in development, these cells stop dividing and differentiate into either neurons, astrocytes, or oligodendrocytes on a precise schedule. Although the proliferative properties of these neuroepithelial precursor cells and their subsequent differentiation can be effectively studied by primary culture of the neuroepithelial tissue (Gensburger et al., 1987; Cattaneo and McKay, 1990; Collazo et al., 1992; Ghosh and Greenberg, 1995; Vicario-Abejon et al., 1995) , the early development of the neuroectoderm lineage is not accessible. In this sense, establishment of a system which generates neuroectodermal lineage cells from early pluripotent cells in vitro will provide a powerful tool to dissect the molecular events * Corresponding author. NIH/NINDS/LMB, Bldg 36, Rm 3D02, 36 Convent Drive, MSC 4092, Bethesda, MD 20892-4092, USA. Tel.: +1 301 4966574; fax: +1 301 4024738.
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which regulate determination of these lineages during early embryonic development. Mouse embryonic stem (ES) cells are pluripotent cell lines and their developmental state is equivalent to cells of the inner cell mass (ICM) in the blastocyst stage embryo (Martin, 1981) . Previous studies have shown that ES cells can differentiate toward different lineages in vitro (Doetschman et al., 1985) . If the in vitro differentiation process of ES cells follows the development of neuroectodermal lineages in vivo, we can expect to generate neuroepithelial precursor cells which can further differentiate into both neuronal and glial cell lineages. Extensive studies in vitro and in vivo show that the intermediate filament protein nestin is expressed in precursors to neurons, astrocytes and oligodendrocytes (Lendahl et al., 1990) . In this paper we report the characterization of a nestin-positive proliferating cell population derived from ES cells in serum-free conditions. These cells require basic fibroblast growth factor (bFGF) for their proliferation and differentiate into neuronal and glial cells by withdrawal of the mitogen. After further differentiation in the presence of serum, neuronal cells make functional excitatory and inhibitory synapses and N-methyl-D-aspartate (NMDA) responses. These observations support the hypothesis that the differentiation pathway from pluripotential ICM cells to fully differentiated postmitotic neurons and glial cells can be dissected into intermediate steps and effectively analyzed by using the in vitro differentiation system of ES cells.
Results
fibronectin had general effects on cell survival, whereas the effect of insulin was more specific to the survival of nestin-positive cells (Table 1) . The proportion of nestinpositive cells seen in these cultures is similar to that seen in vivo (Frederiksen and McKay, 1988) . This data is consistent with the hypothesis that the major cell type generated in ITSFn medium has the properties of neuronal precursor cells.
Differentiation of neuronal precursor cells from ES cells

Proliferation of neuronal precursor cells in the presence of bFGF
Undifferentiated ES cells were aggregated and cultured as a suspension for 4 days. This aggregate (embryoid body; EB) was allowed to spread out onto a permissive substrate. On the day after re-attachment of EBs, the medium was replaced with Dulbecco's modified Eagle's medium (DMEM)/F12 medium supplemented with insulin, transferrin, selenium and fibronectin (ITSFn medium), which was previously shown to be effective for neuronal induction in embryonal carcinoma cell lines (Rizzino and Growley, 1980) . At this time point, there were no neural lineage cells in culture, confirmed by immunostaining with several antibodies specific to the early neural lineage (data not shown). During the first 72 h, a proportion of the cells detached from the plate and lysed. The remaining cells changed their morphology from tightly-packed epithelial cells to small elongated cells. By 5-7 days in ITSFn medium, a large proportion of the surviving cells developed this small elongated shape. Fig.  1A shows a phase contrast image of the morphology of these cells derived from the J1 ES cell line. Similar results were obtained with other cell lines (CJ7, D3 and R1; data not shown). The remaining population was a mixture of cells with a variety of morphologies. The small elongated cells had similar morphological features to native neuroepithelial precursor cells (Collazo et al., 1992; VicarioAbejon et al., 1995) and were selectively stained with an antibody against the intermediate filament protein nestin (Fig. 1B) (Frederiksen and McKay, 1988; Lendahl et al., 1990) and an antibody against brain fatty acid binding protein (data not shown) (Kurtz et al., 1994) , both of which are expressed in neuroepithelium in vivo. These antibodies did not stain other cell types in the culture, nor did they stain ES cells before differentiation. Tightlypacked epithelial cells were nestin-negative (Fig. 1D ) but reacted with a keratin 8 antibody (Fig. 1C) . The nestinpositive, small elongated cells (Fig. 1D) were keratin 8-negative (Fig. 1C) . These results are consistent with the fact that keratin 8 is expressed in the immature skin but not in the neural tube (Kemler et al., 1981) . To see whether each supplement in ITSFn medium is necessary for the selection of neuronal precursor-like cells, attached EBs were maintained for 6 days with different combinations of supplements, replated as dissociated cells, and stained with an anti-nestin antibody. Both transferrin and Previous studies show that bFGF is a strong mitogen for neuroepithelial precursor cells (Gensburger et al., 1987; Cattaneo and McKay, 1990; Kilpatrick and Bartlet, 1993; Ray et al., 1993; Ghosh and Greenberg, 1995; Vicario-Abejon et al., 1995) . To investigate the response of EB-derived cells to bFGF, J1 ES cells kept in ITSFn medium for 6-7 days were dissociated and plated in several different DMEM/F12-based media. Three days later, cell density was measured. As shown in Table 2 , a combination of DMEM/F12 medium supplemented with modified N3 (mN3 medium), bFGF and fibronectin had the highest proliferative effect. At the range of concentration from 5 to 50 ng/ml, bFGF showed the same effect on proliferation. At the concentration lower than 1 ng/ml, bFGF did not show clear proliferative effects. Since laminin showed a slightly higher stimulation of cell proliferation than fibronectin (Table 3) , a combination of mN3 medium, bFGF and laminin (mN3FL medium) was used as a proliferation condition for neuronal precursor-like cells.
In mN3FL medium, the predominant proliferating cells resembled ITSFn medium-induced nestin-positive cells ( Fig. 2A) . When grown in mN3FL medium, other ES cell lines (D3, CJ7 and R1) took on the same morphology as the J1 cell line (Fig. 2B ) and proliferation was also strictly dependent on bFGF. The cell proliferation was quantitated by counting the cell density 1, 4 and 7 days after plating. Cell counting showed a six-fold increase in cell number after 7 days in culture (Fig. 3A) . We also stained the preparation with antibodies specific to neuronal precursors (nestin) (Fig. 2C) , post-mitotic neurons (microtubule-associated protein 2; MAP2) (DeCamilli et al., 1984) (Fig. 2C) , astrocytes (glial fibrillary acidic protein; GFAP), and oligodendrocyte-lineage cells (04 (Sommer and Schachner, 1981) , Gal-C). Nestin-positive cells were >80% of the total cell population at each time point. The other major cell type was MAP2-positive cells (10-15%) (Fig. 3A) . We observed a small number of GFAP-positive cells (<2%), but no 04-or Gal-C-positive cells in this preparation.
To confirm the proliferation of nestin-positive cells, differentiated J1 and R1 cells were pulse-labeled with 5'-bromo-2'-deoxyuridine (BrdU) for 8 h and double-stained with both anti-BrdU antibody and either anti-nestin (Fig.  2D ) or anti-MAP2 antibody. Cell counting revealed that Jl ES cells were attached to the culture substrate and maintained in several different conditions for 6 days, dissociated and replated in mN3FL medium for 1 day, and fixed for staining with anti-nestin antibody.
Day 0 21 ± 4.7 NA Day 5 in mN3 medium plus 97.5 ± 5.6 +364 bFGF and laminin Day 5 in mN3 medium plus 89 ± 6.2 +324 bFGF and fibronectin J1 ES cells in ITSFn medium for 6-8 days were dissociated, plated in modified N3 medium plus 5 ng/ml bFGF, plus either 1/~g/ml of laminin or 1/zg/ml of fibronectin. After 5 days in culture, cell density was measured.
90% of BrdU-positive cells were nestin-positive and <1% of BrdU-positive cells were MAP2-positive (Fig. 3C,D) . These immunocytochemical and BrdU labeling experiments suggest that nestin-positive cells derived from ES cells in vitro divide to generate nestin-positive progeny and this process is bFGF-dependent. This result is consistent with data obtained from the culture of primary cells from the CNS (Gensburger et al., 1987; Cattaneo and McKay, 1990; Ray et al., 1993; Ghosh and Greenberg, 1995; Vicario-Abejon et al., 1995) but distinct from resuits in the peripheral nervous system (PNS) (Zackenfels et al., 1995) .
Differentiation of neuronal precursor cells toward neuronal and glial lineages
The direct demonstration of the state of neuronal precursors is to show that these cells actually become postmitotic neurons. We have previously shown that prolif- Jl ES cells in ITSFn medium for 6 days were dissociated, plated in four different media, maintained for 3 days and then counted for total cell density, bFGF has a major effect on cell proliferation since only mN3 plus bFGF and mN3 plus bFGF and fibronectin media promoted net increase of cell number.
erating primary neuroepithelial cells differentiated into neurons when the mitogen was withdrawn (Cattaneo and McKay, 1990) . To enhance neuronal differentiation, differentiated J1 cells maintained in mN3FL medium for 7 days were kept in mN3 medium plus laminin but without bFGF another 4 days. Cell counting of these preparations at 7 and 11 days showed a four-fold increase of MAP2-positive cells and three-fold decrease of nestinpositive cells, resulting in a cell population containing >60% of MAP2-positive cells (Fig. 3B) . The CJ7 ES cell line showed a similar proportion of nestin-versus MAP2-positive cells after withdrawal of bFGF (Fig. 3E ). MAP2-positive cells after withdrawal of bFGF had a morphology of immature neurons. The density of MAP2-positive cells after differentiation was three-fold higher than the initial density of the total cell population (Fig. 3B ). This indicates that at least two-thirds of the MAP2-positive cells were newly generated during the bFGF-induced proliferative phase. Since we have shown that 90% of the dividing cells are nestin-positive (Fig. 3C , D), these cells are likely to be the precursors of the MAP2-positive, neuron-like cells induced by withdrawal of bFGF.
Differentiation toward glial cell lineages was analyzed by staining cells with anti-GFAP or anti-O4 antibodies. Fig. 4A ,B shows GFAP-positive cells with the characteristic morphology of cultured astrocytes. Cell counting showed that GFAP-positive cells were 10-15% of the total cell population. We could observe no 04-positive, oligodendrocyte-like cells by simple withdrawal of bFGF.
Previous reports on O2A progenitor cells showed that thyroid hormone stimulates the differentiation of oligodendrocytes (Barres et al., 1994) . The effect of thyroid hormone was tested by switching the medium to mN3 medium with tri-iodothyronine (T3) but without bFGF for 6 days. We could identify a small number of O4-positive cells (1-2% of the total cell population), which had typical oligodendrocyte morphologies (Fig. 4C,D) . T3 did not influence the number of MAP2-positive or GFAP-positive cells. These results suggest that the ES cellderived nestin-positive cell population contains precursors which give rise to neurons, astrocytes and oligodendrocytes.
Further maturation of neuronal cells derived from ES cells
The neuronal cells induced to differentiate by the withdrawal of bFGF could be maintained without significant cell death in neurobasal medium plus B27 supplement and 5% fetal calf serum for more than 2 weeks. This long-term culture was successfully applied to J1, CJ7 and D3 cell lines. In contrast, long-term culture was difficult in N3-based serum-free medium.
An immunocytochemical analysis of these neuronal cells was performed. Double-labeling of MAP2 and neurofilament-M (NF-M) indicated that two classes of neurite were present (Fig. 5A,B) . The anti-MAP2 antibody stained short thick processes and cell bodies while anti-NF-M revealed thin, long processes. These results suggest that ES cell-derived neurons had MAP2-positive dendrites (Caceres et al., 1984) and NF-M-positive axons (Shaw et al., 1985) . Anti-synapsin I staining revealed punctate structures closely associated with the plasmalemma of dendrites (Fig. 5C ). The staining pattern suggests segregation of synaptic vesicles to distinct sites along the axons (Fletcher et al., 1991) . To investigate the transmit- ter phenotypes, cells were stained with several antibodies against neurotransmitters. There were a large number of glutamate-positive cells (Fig. 5D) , mixed with completely negative cells. 7-Aminobutyric acid (GABA)-positive cells were also common (Fig. 5E,F) and GABA staining was also confined to a subset of neurons. It was possible to identify thin processes which were GABA-positive but MAP2-negative. This further suggests the differentiation of the dendritic and axonal structures, since the axons of GABAergic neurons should be GABA-positive and MAP2-negative. We could not detect choline acetyltransferase (CHAT) immunoreactivity in our cell preparation. Since this antibody could detect cholinergic neurons in vivo and in culture, the level of ChAT in ES cell-derived neurons was much lower than that in authentic cholinergic neurons.
Neuronal gene expression was further analyzed by reverse transcription-polymerase chain reaction (RT-PCR) using a panel of neuron-specific primers (Fig. 6A) . The In every case, much higher amounts of transcripts were detected in total RNA from differentiated cells. To investigate whether these neuronal cells correspond to cells at any specific CNS regions, expression of three position-specific markers along the anterior-posterior axis was analyzed (Fig. 6B) . Otx-1 is mainly expressed in forebrain and midbrain (Simeone et al., 1992) , En-1 in midbrain-hindbrain boundary (Joyner and Martin, 1987) , and Hoxa-7 in the posterior spinal cord (Mahon et al., 1988) . Undifferentiated ES cells expressed Hoxa-7 but no Otx-1 and En-1 expression was detected. The expression of the posterior marker Hoxa-7 was down-regulated in nestin-positive cells proliferating in the presence of bFGF for more than 10 days. In contrast, Otx-1 and En-1 were up-regulated in these proliferating cells. After differentiation by switching to Neurobasal medium plus B27 and serum, Hoxa-7 expression was up-regulated again and Otx-1 and En-1 expression was maintained. The presence of these transcriptional factors suggests that this preparation contains neurons from different regions of the developing brain. These results collectively suggest that this preparation generates neurons characteristic of different CNS regions.
Functional characterization of neuronal cells derived from ES cells
To characterize electrophysiological properties, neuronal cells were maintained in neurobasal medium plus B27 and 5% FCS for >12 days and activity of 15 cells was recorded from three plates. The resting membrane potentials were about -60 mV. All the cells exhibited inward action current upon depolarization by 20 mV from resting potential. These inward currents were followed by a fast inactivating outward current (IA) and a sustained outward current (Fig. 7A-C) . These currents were absent in Cs÷-filled cells, indicating that they were likely to be mediated by outward K÷-rectifying channels.
Most of the cells expressed spontaneous synaptic currents of varying durations and magnitudes. Application of glutamate onto adjacent, putative neurons could trigger the generation of these synaptic currents in the recorded neuron with a short delay (Fig. 7D) . The recorded synaptic currents were of two types, fast excitatory postsynaptic currents, reversing at about 0 mV, and slow-decaying inhibitory synaptic currents, reversing at about -50 mV, when recorded in acetate-containing pipettes (Fig. 7D) . The recorded cells themselves responded to topical application of glutamate with a marked inward current recorded at resting potential. The spontaneous and evoked synaptic responses, as well as the responses of the cells to glutamate, indicate that the recorded cells in culture maintain an array of properties akin to those of prenatal, cultured CNS neurons (Segal, 1983; Segal and Barker, 1984) .
NMDA stimulation induces the phosphorylation of the cyclic adenosine monophosphate response element binding protein (CREB protein) and transcription of the c-fos gene Ginty et al., 1993) . These two inductions were analyzed to determine whether functional NMDA receptors were expressed. Unstimulated cells did not show any phospho-CREB staining (Fig. 8A,B) . In contrast, 10 min after stimulation with either glutamate (Fig. 8C,D) or NMDA (Fig. 8E,F) , cells showed intense nuclear immunoreactivity. Phospho-CREB staining was confined to the neurons. Large nuclei of glia-like cells showed no phospho-CREB staining (arrowheads in Fig.  8C-F) . RT-PCR of cells treated with glutamate or NMDA revealed c-fos induction, whereas untreated cells showed no c-fos induction (data not shown). These results strongly suggest that some of the neurons in this preparation have functional N M D A receptors.
The presence of synaptic connections was confirmed (2), and cells differentiated in neurobasal plus B27 and 5% FCS for 10 days (3) was reverse transcribed and amplified.
by electron microscopy. Typical pre-synaptic structures containing numerous synaptic vesicles were found to be associated with dendrites (Fig. 9) . Thickening of the membrane, which is characteristic for the active zone, was also observed. We conclude that neuronal precursor cells derived from ES cells can be differentiated into postmitotic neurons which form functional synaptic connections.
Discussion
The data presented in this study demonstrate that ES cells can generate proliferating neuronal precursor cells which can be expanded and differentiate efficiently to synaptically connected neurons and glia. This study shows that the lineage restriction observed in the developing embryo can be replicated in the in vitro culture system in a precisely determined manner. We could effectively separate the state of pluripotent cells, the state of proliferating neuronal precursors and the final differentiation toward neurons and glia by using a combination of serum-free culture conditions and growth factors. The fact that ES cell-derived neuronal precursor cells share common properties with authentic precursors shows that the molecular mechanisms involved in the development of CNS cells in vivo also function in our culture system. The in vitro system described here is, to our knowledge, the first demonstration that the proliferating neuroepithelial precursor cells can be generated with high yield from pluripotent stem cell lines.
Generation of bFGF-responsive, CNS precursor cells from ES cells
Several lines of evidence suggest that the ES cellderived neuronal precursor cells correspond to CNS neuroepithelial precursor cells. Previous studies on primary cultures of CNS neuroepithelial cells have shown that bFGF can stimulate proliferation of this cell type (Ghosh and Greenberg, 1995; Ray et al., 1993; VicarioAbejon et al., 1995) . In contrast, bFGF alone does not support the proliferation of PNS precursor cells in vitro (Stemple and Anderson, 1992) . The similarity of the effect of bFGF on both ES cell-derived neuronal precursor cells and CNS primary cells suggests common underlying mechanisms of bFGF action. The characterization of ES cell-derived neuronal cells also supports the CNS-like characters of these cells. Namely, these neurons are immunoreactive with anti-glutamate and anti-GABA antibodies, and express mRNA of glutamate receptors and GABA receptors.
The mechanism of region-specific differentiation of neuroepithelial cells is currently one of the central questions in developmental neurobiology. Presence of both anterior and posterior markers in the nestin-positive cell population indicates that ES cells can generate neurons from both anterior and posterior brain regions. These induced phenotypes are likely to be altered by switching culture medium, since Hoxa-7 was up-regulated after differentiation in serum-containing medium. It is possible that the induction of Hoxa-7 is due to a retinoic acidderivative which is included in B27 supplement, since it is known that the application of retinoic acid to embryonal carcinoma cells can induce Hox gene corresponding to a more posterior region (Simeone et al., 1990) .
Members of the FGF family are known for their diverse roles in early embryonic development. As discussed previously, one of the major effects is on the proliferation of a variety of cell types, including neuronal precursor cells. Recently, bFGF has been shown to play a role on the induction of posterior neural structures in Xenopus embryos (Doniach, 1995) . In contrast, we observed down-regulation of posterior neural marker Hoxa-7 in cells proliferated in the presence of bFGF. Furthermore, the anterior marker Otx-1 was still expressed. We also could not detect ChAT-positive neurons, suggesting a lack of motor neuron differentiation in our culture system. These results suggest that bFGF does not drive mammalian neuroepithelial cells to a posterior fate.
Cultures of Xenopus animal caps show that another major role of FGF receptor signaling is in mesoderm in-duction (Kimelman and Kirschner, 1987) . Mice lacking FGF receptor 1 showed altered patterning of mesoderm structures during gastrulation (Deng et al., 1994; Yamaguchi et al., 1994) . The analysis of the role of FGF in the neuroectoderm was compromised by the disruption of axial mesoderm which is known to produce neural inducers. By the in vitro differentiation of ES cells carrying mutant FGF ligand and/or receptor genes, it will be possible to analyze the effects of deletion of the FGF signaling system on the neuroectoderm induction and subsequent development of CNS structures.
Nestin-positive cells derived from ES cells can differentiate into functional post-mitotic neurons
The neuronal cells generated from ES cells in our culture system fulfill the criteria of functional post-mitotic neurons. First, they develop specialized structures such as dendrites and the axon and compartmentalize cytoskeletal proteins to specific regions. Second, the cells express a variety of neurotransmitters, transmitter receptors and ion channels. Third, functional synaptic contacts are formed between these cells. Fourth, these neurons can activate the signaling pathways downstream from the glutamate receptors. These findings lead us to the conclusion that functional neurons are generated from ES cells in vitro.
It should be emphasized that our culture system can induce highly enriched post-mitotic neurons from proliferating precursors in a growth factor-dependent manner. Previous studies have shown that ES cells can differentiate into post-mitotic neurons by the treatment with retinoic acid in a serum-containing medium (Bain et al., 1995; Finley et al., 1996; Fraichard et al., 1995) . Although these studies have presented evidence that a subpopulation of cells formed functional synaptic connections, the proportion of neuroectodermal lineage cells is relatively small and the differentiation toward neurons and glia was not controlled by growth factors. In the system described here, up to 95% of the cells are stained with the neuroepithelial precursor cell marker nestin in A B Inward and large outward synaptic currents evoked in the cell upon application of a pulse of glutamate onto an adjacent cell (top line). The recorded cell was held at different potentials, -90, -50, and 0 mV, and the evoked synaptic currents showed a slow inactivation, especially pronounced at the positive holding current, but note the train of fast, small inward currents, seen at membrane potential where the large (presumably GABAA-mediated) synaptic currents were at the reversal potential (-50 mV). the proliferation phase and >60% of the cells are induced to be MAP2-positive neuronal cells after differentiation.
The highly enriched population of neuronal lineage cells in serum-free culture system permits the biochemical analysis of signaling mechanism through growth factor receptors and neurotransmitter receptors. The data presented in this paper show that multiple steps of the in vivo development of CNS can be effectively analyzed in culture. In combination with the methods to introduce mutations to specific genes (Mortensen et al., 1992) , this approach will be useful for the functional analysis of a variety of mutations systematically created in specific genes or for screening a large number of gene-trap ES cell clones by functional criteria.
Experimental procedures
Materials
The materials were purchased from the following sources: fibronectin, laminin, neurobasal medium, B27 supplement, and superscript II RNase H-reverse transcriptase from Gibco/BRL (Grand Island, NY); bFGF from R&D Systems (Minneapolis, MN) ; insulin, transferrin, selenium chloride, polyornithine, progesterone, putrescine, T3, cytosine arabinoside, anti-MAP2 antibody, anti-NF-M antibody, anti-GABA antibody, and anti-glutamate antibody from Sigma (St. Louis, MO); Taq polymerase from Boehringer-Mannheim (Mannheim, 
Cell culture
Maintenance of ES cell lines and embryoid body (EB) formation
Maintenance of embryonic stem cell lines (J1, CJ7, D3, and R1) (Doetschman et al., 1985; Lee et al., 1992; Nagy et al., 1993; Swiatek and Gridley, 1993) and EB formation were as previously described (Robertson, 1987) .
Selection of nestin-positive cells
Embryoid bodies kept in suspension culture for 4 days were plated onto a tissue culture surface. A 24 h incubation in DMEM-10% FCS medium allowed EBs to spread on this substrate. The next day the medium was switched to DMEM/F12 (1:1) supplemented with insulin (5/tg/ml), transferrin (50/tg/ml), selenium chloride (30 riM), and fibronectin (5 ktg/ml) (ITSFn medium). The culture medium was replenished every 2 days. A maximal number of nestin-positive cells appeared approximately 6-8 days after replacement with ITSFn medium.
Expansion of nestin-positive cells by bFGF
Cells maintained in ITSFn medium were dissociated by 0.05% trypsin and 0.04% EDTA in PBS, neutralized with DMEM/F12 (1:1) plus 10% FCS, collected by centrifugation, and replated at a cell density of 0,5-2 x 105/ cm 2 on dishes precoated with polyornithine (15#g/ml) and laminin (lktg/ml). Culture medium was DMEM/F12 supplemented with insulin (25/~g/ml), transferrin (50 ktg/ml), progesterone (20 nM), putrescine (100/~M), selenium chloride (30 nM), bFGF (5 ng/ml), and laminin (1/~g/ml) (mN3FL medium containing bFGF and laminin, mN3 medium without bFGF and laminin). The medium was changed every 2 days. For passage, cells were dissociated by 0.05% trypsin and 0.04% EDTA in PBS, collected by centrifugation, and replated.
Differentiation of nestin positive cells expanded by bFGF
Differentiation of nestin-positive cells was induced by 2 different methods. (a) To investigate early neuronal marker induction, proliferating nestin-positive cells in mN3FL medium were switched to mN3 medium with laminin. (b) To see long-term differentiation, cells proliferating in mN3FL medium were dissociated and plated onto either a polyornithine/laminin-coated surface or a primary glial cell monolayer prepared from neonatal mouse forebrain (Kimelberg et al., 1978) . The clumps were allowed to spread for 3-4 days in mN3FL medium, and then switched to neurobasal medium plus B27 supplement and 5% FCS. To prevent glial cell proliferation, 10/tM of cytosine arabinoside was added 2-3 days after replacement to serum-containing medium. One-fourth of the medium was changed every 5 days.
of cells per field at 200 x magnification. Eight fields were analyzed for each sample, and cell densities were calibrated and averaged. Each cell density presented in the figures and tables was the average and SEM of three independent experiments, except in Fig. 3A (five independent experiments). Dubois-Dalcq, NIH), GABA (1:1000), and glutamate (1:500). After washing with PBS, cells were processed according to the method for the Vectastain ABC kit. For double immunofluorescence staining with MAP2 and NF-M, cells were fixed, permeabilized with Triton X-100, and treated with NGS in a similar manner. Then the cells were incubated with monoclonal anti-MAP2 antibody, followed by fluorescein-labeled anti-mouse IgG, and then fixed again with 2% paraformaldehyde for 30 min. After re-fixation, the cells were incubated with monoclonal anti NF-M antibody, followed by rhodamine-labeled antimouse IgG. The second fixation eliminates the crossreaction of the rhodamine-conjugated anti-mouse IgG to the anti-MAP2 monoclonal antibody. For double-label immunocytochemistry with enzyme-linked secondary antibodies, we followed the instructions of the double staining kit (Zymed Laboratories, Inc.). Staining with anti-phosphorylated CREB antibody (1:1000) was as described by Ginty et al. (1993) .
Proliferation assay
Cells were incubated with BrdU for 8 h at 37°C. After incubation, the cells were fixed immediately and processed according to the instruction of BrdU staining kit. After the color reaction, the cells were incubated with 0.8% hydrogen peroxide and 5% NGS in PBS for 30 min to inactivate HRP activity. After intense washing, they were processed for either anti-nestin or anti-MAP2 antibody staining to generate a reddish reaction product in the cytoplasm with aminoethyl carbazole.
Cell counting
Cell density was determined by counting the number Total RNA was extracted from each cell preparation by the method of Chomczynski and Sacchi (Chomczynski and Sacchi, 1987) . The total RNA was treated with RNase-free DNase, and cDNA synthesis was performed according to the instructions for superscript II RNase Hreverse transcriptase. PCR reaction was performed in PCR buffer (50 mM KC1, 10 mM Tris-HC1 (pH 8.8), 1.5 mM MgC12, 0.001% (w/v) gelatin) containing 0.2 mM dNTP, 0.3/~M each of forward and reverse primers, and 0.25 U of Taq polymerase. Cycling parameters were denaturing at 94°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 60 s. Cycling times were determined for each primer set to be within the exponential phase of amplification. Primer sequences and the length of amplified products are as follows (forward and reverse primers in this order): actin (ATGGATGACGATATCG CTG, ATGAGGTAGTCTGTCAGGT, 569 bp); NMDA R1 (ACCCTGTCCTCTGCCATGTGGTTI'rC, ACAqTC TI'GATACCGAACCCATGTC, 591 bp); NMDA R2A (ACCCCAAGGACTGTAGTGAGGTTG, ATGTCATAG AGGTI'GCCCATCCGCAG, 463 bp); NMDA R2B (ATGACTGTGACAACCCACCCTTT, ACTGACCGAA TCTCGCTTGAAGT, 494 bp); NMDA R2D (AACCAC TTCTI'CTGCCAGGAGG, TGAAGGAGTCTGGGTTA TCCCA, 261 bp); calbindin D28 (ACCTGCAGTCATC TCTGATC, AGTI'GCTGGCATCGAAAGAG, 276 bp); GAD65 (TCTITI'CTCCTGGTGGTGCC, TGCCTGAAG AAGTTCAATGC, 391 bp); GABAAa3 (CC'ITrGGCCT ATGAGATCTGGATGTG, TCGTACCACCATTTGTrT Iq'CA, 260 bp); AMPA receptor (CCTTTGGCCTATGA GATCTGGATGTG, TCGTACCACCATTTGTrTTI'CA, 749 bp); Otx-1 (CACCCGGCTGTI'AGCATGATGT, TA GACGAAGACGCAGAGCTAGA, 433 bp); En-1 (TGGT CAAGACTGACTCACAGCA, TCTCGTCTTTGTCCTG AACCGT, 389bp); Hoxa-7 (TCTATCAGAGCCCCT TCGCGT, TGCCTGGCCCTTI'ACTCCTCTT, 520bp); c-fos (GGCAAAGTAGAGCAGCTATC, AGGCCACAG ACATCTCCTCT, 270 bp).
Following primers amplify the cDNA fragments which contain splicing sites. Therefore, amplification of genomic DNA can be distinguished by the size of products: actin, NMDAR1, NMDAR2D, calbindin D28, GAD65, GABAAa3, AMPA receptor.
For other primers, control amplification was done without adding reverse transcriptase to see any amplification of genomic DNA. No amplification of genomic DNA was observed in these control experiments.
Electrophysiology
Cells were recorded at room temperature with 3-6 Mfl patch pipettes containing (in mM) 130 K-acetate (or 120 CsCI + 10 KC1), 10 HEPES, 2 MgCI2, 1 ATP, 0.1 EGTA, 10 NaCI. pH was adjusted to 7.2 with KOH, and osmolarity to 300 mosmol with sucrose. The recording saline contained (in mM) 130 NaC1, 5 KCI, 2 CaCI2, 1 MgC12, 10 HEPES and 10 glucose, pH was adjusted to 7.4 with NaOH, and osmolarity to 320 mosmol with sucrose. Glutamate (1 mM, in the recording saline) was applied by pressure through a micropipette positioned near the recorded cell or near adjacent cells in the field of view, within 100/~m of the recorded cell. Current signals were amplified with an Axopatch amplifier, stored and analyzed on an IBM computer using pClamp-6 software.
Electron microscopy
Cells on plastic dishes were fixed with 2% paraformaldehyde and 1% glutaraldehyde in PBS for 1 h, washed with water, treated with 1% OSO4, block-stained with uranyl acetate, dehydrated with ethanol and embedded in Araldite resin. Thin-sectioned samples were observed under JEOL 1200 EX electron microscope.
Stimulation of differentiated neuronal cultures
Cells differentiated in neurobasal medium plus B27 and 5% FCS were incubated with the same medium containing 10/,tM of either glutamate or NMDA for 10 min. Cells were fixed immediately after stimulation for phospho-CREB staining. Cells were incubated for 50 min after stimulation and RNA was extracted for the analysis of cfos induction.
